The study design included a multidisciplinary examination of the mineral phase of ovine intervertebral disc calcifications. The objective of the study was to investigate the mineral phase and its mechanisms of formation/association with degeneration in a naturally occurring animal model of disc calcification. The aetiology of dystrophic disc calcification in adult humans is unknown, but occurs as a well-described clinical disorder with hydroxyapatite as the single mineral phase. Comparable but age-related pathology in the sheep could serve as a model for the human disorder. Lumbar intervertebral discs (n = 134) of adult sheep of age 6 years (n = 4), 8 years (n = 12) and 11 years (n = 2) were evaluated using radiography, morphology, scanning and transmission electron microscopy, energy dispersive X-ray spectroscopy, X-ray powder diffraction, histology, immunohistology and proteoglycan analysis. Half of the 6-year, 84% of the 8-year and 86% of the 11-year-old discs had calcific deposits. These were not well delineated by plain radiography. They were either: (a) punctate deposits in the outer annulus, (b) diffuse deposits in the transitional zone or inner annulus fibrosus with occasional deposits in the nucleus, or (c) large deposits in the transitional zone extending variably into the nucleus. Their maximal incidence was in the lower lumbar discs (L4/5-L6/7) with no calcification seen in the lumbosacral or lower thoracic discs. All deposits were hydroxyapatite with large crystallite sizes (800-1,300 Å ) compared to cortical bone (300-600 Å ). No type X-collagen, osteopontin or osteonectin were detected in calcific deposits, although positive staining for bone sialoprotein was evident. Calcified discs had less proteoglycan of smaller hydrodynamic size than non-calcified discs. Disc calcification in ageing sheep is due to hydroxyapatite deposition. The variable, but large, crystal size and lack of protein markers indicate that this does not occur by an endochondral ossification-like process. The decrease in disc proteoglycan content and size suggests that calcification may precede or predispose to disc degeneration in ageing sheep.
Introduction
There are a number of diseases and disorders of diverse aetiology in which intervertebral disc calcification (IDC) may occur including calcium pyrophosphate dihydrate deposition, hyperparathyroidism, haemochromatosis, thalassemia, alkaptonuria, amyloidosis and acromegaly [2] . In addition, conditions that immobilise a spinal segment, such as ankylosing spondylitis and surgical posterior spinal fusion, may also result in IDC. However, the deposition of calcium salts per se has not been demonstrated to be of clinical significance in any of these conditions. Rather, they have been incidental radiographic findings. For instance, a radiographic study of 223 cadaveric spines revealed that IDC, particularly in the annulus fibrosus (AF), increases with age and the degree of reduction in disc height (a reliable index of degeneration), which are expected associations [7] .
One type of IDC of unknown cause, which may have clinical significance, has been in the past non-specifically termed dystrophic [47] . The condition is not associated with any systemic disease or disorder (vide supra) and occurs without detectable disturbance of calcium/phosphorus metabolism. The peak incidence is in the fifth decade and it is more common in males than in females. It occurs almost exclusively in the thoracic and upper lumbar regions and most frequently in the T9-10 disc; multiple level deposits are not unusual [1, 7, 9, 47 ]. An entire nucleus pulposus (NP) may be calcified, but the outer AF is often unaffected, at least radiographically. The periphery of the NP deposit is in the transitional zone (TZ), the somewhat ill-defined region of variable width where the NP and AF merge.
A thoracic NP deposit may be an incidental radiographic finding [10, 52] , but may still be responsible for a short-lived episode of acute thoracic pain [1] . Posterior prolapse of a calcific NP deposit, which initially has a toothpaste-like consistency, may not produce significant symptoms [47, 56] , but root syndromes and spinal cord compression are welldocumented complications. X-ray diffraction and electron microscopic examination of calcified prolapses show hydroxyapatite (HA), but no other mineral phases [46] . Giant crystallites are present in a markedly degraded matrix with a wide spectrum of crystallite size [45, 46] . It is regrettable and confusing that the above-described pathology has not been considered as a discrete entity [7, 9] . While IVD degeneration occurs as an age-related event in humans, it has also been detected as early as the third decade. Not surprisingly, it is commonly associated with small, often microscopic, foci of calcification. These minute deposits give HA diffraction patterns with broadened reflections, similar to those obtained from calcified cartilage, indicative of a small crystallite size; calcite and magnesium whitlockite are also frequently detected in small amounts of randomly selected postmortem disc tissue of subjects over 50 years of age [45] . An additional mineral phase found in older cadaver disc tissue is calcium pyrophosphate dihydrate [24] . The interrelationships between these mineral phases and the possible biological significances thereof are yet to be established. Hence, for the time being there is no alternative but to consider them all under the unsatisfactory collective label of dystrophic calcification(s). Nevertheless, a reasonable case can be made for using, as we have done, the term hydroxyapatite deposition disorder (HADD) for the unique discal lesions summarised above. This descriptive term has been also used for the common calcific lesions in human supraspinatus tendons [18] . It has some features in common with the thoracic discal pathology, and notably a peak age incidence in the fifth decade [11] . Further, supraspinatus HADD and comparable tendon calcification elsewhere in the body may produce intense, acute local pain or be asymptomatic [18] .
The ovine intervertebral disc, which is also subject to calcification, has been widely used to investigate disc metabolism, biomechanical properties of the intact lumbar column and the discal response to injury [14, 20, 21, 26, 27, 29, 30, 37, 39, 48, 54, 55] . In the cited literature it is regarded as a suitable experimental model for its human counterpart, even though there is little evidence that IVD pathology or prolapse of calcific deposits is a clinical problem in this animal [4, 16] . The present paper reports on the mineral phases in ovine IDC, and attention is drawn to certain similarities and differences between the pathology in humans and sheep.
Materials and methods
All chemicals from Sigma-Aldrich were of AR grade or of the best quality available.
Animals and processing of spines
Purebred Merino sheep were used for this study (n = 18), which provided 132 IVDs for analysis. The sheep included: wethers, 6-year-olds, n = 4; and ewes, 8-year-olds, n = 12 and 11-year-olds, n = 2. Plain lateral radiographs were made of each sheep spine prior to killing by injection of an overdose of pentobarbitone sodium. The lumbar spines were removed within 30 min of death. Paraspinal muscle and ligaments were trimmed from the lumbar spinal segments and the dorsal spinal elements (facet joints, spinal processes, etc.) were removed. The IVDs were isolated by cutting midway through the cranial and caudal vertebral bodies using a band saw. Isolated IVDs were then bisected and the cut surfaces photographed.
Processing of disc specimens for electron microscopy A total of 35 calcific deposits (2 mm 3 blocks), identified by gross observation, were dissected out of the IVDs along with 12 morphologically normal adjacent non-calcified tissues. The calcific deposits were sampled from IVDs, which displayed punctate AF calcifications, such as those depicted in Fig. 1c , and from the more extensive TZ or NP calcifications demonstrated in Fig. 1d and e, where the punctate deposits were less prevalent. The punctate calcifications were more typical of the IVDs displaying an IVD calcification score of 1.0 or less, while the larger calcifications were found in IVDS with calcification scores [1.5. Of the 35 calcific deposits sampled for electron microscopy, these were sampled from the L1L2, L2L3, L3L4, L4L5 and L5L6 IVDs of two animals in the 6-yr-old sheep group; three animals from the 8-year-old and two animals from the 11-year-old sheep group. Thus a total of 35 IVDs were sampled.
The specimens were fixed in glutaraldehyde (2.5% in cacodylate buffer) for 2 h at room temperature. These specimens were selected from L2L3 to L5L6 spinal levels, as no cases of IDC were observed in the L7S1 IVD.
Processing of SEM specimens and energy dispersive spectroscopy
The disc specimens were rinsed in ultrapure water and dehydrated through graded ethanol (30-100%) followed by critical point drying. The dried specimens were mounted on stubs and gold-coated prior to examination in a Philips 505 scanning electron microscope using conventional imaging plus digital image capture. Energy dispersive X-ray spectroscopy (EDS) was conducted simultaneously on the specimens to undertake a microanalysis of the elemental compositions of macroscopically normal regions of the AF and calcific deposits, such as those depicted in Fig. 2a, b .
Processing of TEM specimens
Fixed disc samples were rinsed in ultrapure water and cut into pieces of less than 1 mm 3 size. The samples were postfixed in 1% OsO 4 at room temperature for 2 h, and then washed in ultra pure water for 10 min. The specimens were dehydrated in graded acetone (30-100%) and then infiltrated with acetone: resin (1:1), 100% resin (93) and finally embedded in fresh resin, which was polymerised at 60°C overnight. Ultrathin tissue sections (50-100 nm) were cut using an Ultracut T microtome and were transferred to Formvar-coated copper grids (200 mesh) that had been carbon coated. The grids were examined in a Philips CM12 transmission electron microscope at 120 kV at various magnifications (2,300-260,0009). Preparation of specimens for X-ray powder diffraction Aliquots (0.5-1.0 g) of glutaraldehyde-fixed calcified IVD tissues from 35 IVDs representative of all calcific IVDs were rinsed in ultrapure water, freeze dried then pulverized at -195°C in a ball mill. Fresh normal ovine cortical bone (femoral shaft) was processed similarly for comparison. X-Ray diffraction (XRD) spectra were obtained from a Shimadzu XRD 6000 diffraction unit using a diffraction angle (2 h) range from 20°to 70°. The samples were analysed before and after sintering the powders at 950°C for 1 h.
Preparation of crystal suspensions for determination of crystal size distributions
All organic material was removed from glutaraldehyde-fixed disc pieces (2 mm 3 ) containing calcific deposits by immersion in 2.5% sodium hypochlorite solution for 15 min. Pooled calcific deposits from a representative mixture of the calcific IVDs, that is L1L2 to L6L7 IVDs (n = 35) from all of the 6-11-year-old animals were used for this analysis. Samples of normal pulverised ovine cortical bone were treated identically for comparison. The samples were washed with ultrapure water (5 9 10 min) and dehydrated through a series of 10 min washes in graded ethanol (50-100%). Specimens were recovered at each step using centrifugation (2 min, 14,000 rpm). The residual pellet was resuspended in 100% ethanol, briefly sonicated and a small drop of the crystal suspension was placed on Formvar-coated copper grids (200 mesh) that had been carbon coated. The grids were examined by TEM at 45,0009 magnification, and crystal dimensions were measured as previously described [57] .
Histology
Intact IVD-vertebral body segments or disc areas of specific interest were fixed in 10% neutral buffered formalin for 3 days and decalcified with several changes of 10% v/v formic acid in 5% neutral buffered formalin. The disc specimens were dehydrated in a graded methanol series and embedded in paraffin. Sections (4-7 lm) were cut using a Leica rotary microtome, adhered to positively charged microscope slides (Menzel-Glaser), deparaffinised in xylene and rehydrated in graded alcohols to water. Tissue sections were stained with H&E or toluidine blue/ fast green [31] . Immunohistochemical localisation for type X collagen, osteopontin, bone sialoprotein and osteonectin was performed using specific polyclonal and monoclonal antibodies as outlined in Table 1 .
Disc proteoglycan analysis

Extraction of intervertebral disc tissues and determination of their sulphated GAG contents
Macroscopically normal and calcific regions of the AF and NP/TZ (*10 mg wet weight) were finely diced with scalpels and extracted with 4 M guanidinium hydrochloride (GuHCl) buffered in 50 mM sodium acetate, pH 5.8, containing proteinase inhibitors (1 mL) with constant endover-end stirring for 48 h at 4°C. The tissue extract was then separated from the tissue residue by centrifugation and dialysed against distilled water. The tissue residue was washed with distilled water to remove GuHCl, then papain digested and an aliquot assayed for sulphated-GAG using the 1, 9-dimethylmethylene blue metachromatic dye binding assay of Farndale et al. [13] using bovine tracheal CS as a standard to construct a calibration curve for quantitation.
Sepharose CL2B gel permeation chromatography of the extracted disc proteoglycans A column of Sepharose CL2B (92 cm 9 1.6 cm) was calibrated using aggregated bovine nasal cartilage aggrecan to determine the void volume. Bovine tracheal cartilage CS was used to determine the total volume and to calculate the distribution coefficients (Kav) of the proteoglycan species. Normal and calcified AF and NP extracts (4.0 mL) were dialysed against 0.5 M sodium acetate (pH 6.8) and an excess of high molecular weight hyaluronan (Healon, 0.1 ml, 100 lg) was added and the samples chromatographed with the same buffer as eluent at a flow rate of 12 mL/h. Fractions (2.5 mL) were collected and aliquots were assayed for sulphated-GAG to determine the distribution of proteoglycan species [29, 48] . The proportion of disc proteoglycan present as aggregate (Kav -0.2 to 0.2) was determined relative to the total area of the chromatogram to calculate the percentage aggregate present in each sample [27, 28] .
Quantitative scoring of IVD calcification IVD calcifications were graded into several categories on the basis of the incidence and extent of the calcific deposits evident in non-fixed midline horizontal sections of the IVDs: 0 = no calcification; 1 = isolated small calcific deposits; 2 = multiple calcific deposits mainly in TZ but not affecting NP; 3 = extensive calcific deposits affecting over one-third of TZ and NP. The calcification scores were calculated by summing the grades of individual IVDs at each spinal level and dividing this by the number of IVDs examined.
Morphological assessment of intervertebral disc degeneration
A number of criteria were used to objectively determine the degeneracy level of the IVDs examined in the present study.
(1) Toluidine blue stained IVD sections were assessed for depletion of anionic proteoglycan as an index of IVD degeneration. (2) Marked reduction in disc height relative to an age-matched normal control IVD was also indicative of disc degeneration. (3) Inversion of the normal anterior and posterior annular lamellae was also considered an indication of IVD degeneration as were the presence of focal defects such as (4) annular tears, and (5) cystic degeneration.
Results
Of the 28 IVDs examined from 6-year-old sheep, 14 contained calcific deposits with maximal deposition at the L4L5 and L5L6 spinal levels; no calcifications were The sections were pre-digested with chondroitinase ABC (0.25U/ml) for 1 h at 37°C in 50 mM Tris 30 mM sodium acetate buffer of pH 8.0, followed by bovine testicular hyaluronidase (1,000 U/ml) for 1 h at 37°C in phosphate buffer, pH 5.0
Eur Spine J (2009) 18:479-489 483 evident in the L7S1 IVDs and only two of the four L1L2 had discernable isolated deposits (Table 2) . Of the 12 8-year-old ovine spines (63% of IVDs), 5 had radiographic evidence of IVD calcification. On gross examination, however, 83% of these 8-year-old IVDs had calcific deposits, with maximum severity at L5L6 and L6L7 (Table 2) . Of the 22 discs examined from the two 11-yearold sheep, 14 had calcifications with 12 out of the 14 lumbar IVDs (86% maximal calcification at L5L6 and L6L7) affected, while both lumbosacral IVDs were unaffected (Table 2) . Three thoraco-lumbar IVDs (T12T13, T13T14, T14L1) were also available from each of the 11-year-old sheep with none containing any calcific deposits. As described in Table 2 and shown in Fig. 1 , calcification in the ovine lumbar IVD fell into three patterns: (1) small punctate calcific deposits in the outer annular layers of the anterior AF often in the absence of other calcifications (Fig 1c) ; (2) diffuse calcification in the transitional or inner AF zone with occasional deposits evident in the NP (Fig. 1d) , (3) heavy deposition in the transitional zone affecting large areas of the NP (Fig. 1e) . Heavy deposition of calcific deposits in the AF was evident in three of the L5L6 (Fig. 1e ) and L6L7 IVDs from the 11-year-old sheep. This was not observed in any of the younger age groups. SEM demonstrated the alternating lamellar structure of the normal AF (Fig. 2a) . The calcific deposits occurred between the annular lamellae and often appeared to contain an outer shell-like structure with amorphous calcific material deposited around a more compact central region (Fig. 2b) . EDS demonstrated that calcium and phosphorus were the major elements detected in calcific deposits, while these were absent in the non-calcified AF (Fig. 2c, d) . Minor quantities of aluminium and gold arising from sample preparation were also evident in all samples including the control tissues (Fig. 2c) . The Ca and P occurred in a molar ratio of 5:3, indicative of hydroxyapatite as the predominant component of the mineral phase [6] . The composition of the calcific deposits was confirmed by XRD with spectra of poorly crystalline hydroxyapatite observed in the non-sintered samples (not shown) while sintering resulted in classical spectra of highly crystalline hydroxyapatite [5] , identical to those obtained from sheep cortical bone (Fig. 2e, f) .
TEM of crystal suspensions prepared from normal ovine cortical bone and selected annular calcific deposits (Fig. 3a, b ) demonstrated wide differences between the sizes of the crystals obtained (Fig. 3c) . The size ranges of the hydroxyapatite crystals prepared from the IVD calcific deposits were from 500 to 2,200 Å , with 65% of the crystals falling in the 800-1,300 Å size range (Fig. 3c) . In contrast, hydroxyapatite crystals from ovine cortical bone were more uniform in size and significantly smaller, ranging in size from 200 to 800 Å with the majority in the 300-600 Å size range (Fig. 3c) . Similar crystal sizes were determined from TEM micrographs of ultrathin sections of IVD calcified deposits (Fig. 3d, e) .
Representative histological sections from a 6-year-old sheep demonstrating small focal calcific deposits mainly in the transitional zone are shown in Fig. 4 . The calcified areas were evident as regions staining less strongly with H & E and toluidine blue-fast green (Fig. 4a, b) . Based on morphology, live and dead cells were evident throughout the AF, and there was no distinct change in distribution around the calcific deposits (Fig. 4c) . Furthermore, there was no evidence of cell hypertrophy surrounding or within the calcified areas. No type X collagen could be detected in the matrix around or in the calcific annular deposits, although occasional viable cells around such deposits were positive (Fig. 5a ). The majority of cells in the normal AF showed little or no positive staining for type X collagen (Fig. 5a ), while typical positive cellular and matrix staining for type X collagen was observed in the lower hypertrophic zone of the growth plate (Fig. 5k) . Calcific deposits stained positively for bone sialoprotein (Fig. 6b) as did cells in the AF (Fig. 5g) , NP, cartilage endplate and vertebral body (not shown). Strong positive matrix and cell staining for bone sialoprotein was seen in the lower proliferative and early hypertrophic zones of the growth plate (Fig. 5l) . The IVD calcific deposits and surrounding matrix did not stain positive for antibodies to osteonectin or osteopontin (Fig. 5c, d ). In contrast, positive immunostaining was observed in cells in the NP, cartilaginous endplates (not shown) and AF (Fig. 5h, i) . In the growth plate the cells and matrix of the lower proliferative and upper hypertrophic zone stained positive for both osteopontin and osteonectin (Fig. 5m, n) . In both calcified and normal discs, the NP contained significantly more GAG than the AF as expected (Fig. 6a) . There was a significant reduction in the GAG content of both the AF and NP in discs containing calcific deposits compared to those with no evidence of calcification (Fig. 6a) . Gel permeation chromatography demonstrated that the majority (80-87%) of proteoglycan in both the AF and NP did not aggregate with HA and eluted in the included volume of a CL2B column (Fig. 6b) . There was no difference in aggregation percentage between calcified and non-calcified discs. The non-aggregating PG peak in the AF was eluted earlier than that of the NP, but at the same Kav in both calcified and non-calcified discs. In contrast, the non-aggregating PGs in the NP of calcified discs eluted 1-2 fractions later (i.e. slightly smaller hydrodynamic size) than those from the non-calcified discs (Fig. 6c) .
Discussion
There are some relevant similarities between HADD in humans and the described IDC in sheep [7, 9] . In both the single mineral phase is HA with a wide spectrum of crystallite size in contrast to the limited range of smaller crystallites seen in normal ovine cortical bone. Large HA crystallites suggestive of an unregulated calcification process have been reported in tuberculosis foci [25] , in the degraded matrix of chondrosarcomata [23, 41, 53] and in calcific tendinitis [50] . The typical markers of normal endochondral ossification, type X collagen, osteopontin and osteonectin were not detected in the ovine deposits, although bone sialoprotein was present. The last molecule is one of the major non-collagenous proteins in normal bone where it plays a central role in mineralisation [3] , although it does not induce calcification in all tissues with its effects being dependent on the local environment and cells [51] . Despite bone sialoprotein's known roles in endochondral ossification, the absence of other key markers indicates that IDC does not occur through this ordered process. These results contrast with HA deposition in tendons and blood vessels where there is a positive staining for type X collagen, osteopontin and osteonectin [8, 17, 34, 35, 44, 49] . In these regards, it is probable that the avascular nature of the IVD plays a modulating role in the pathogenesis of calcification.
Hydroxyapatite deposition has been associated with IVD degeneration in the human lumbar spine [15] , but the temporal discordance between the incidence of degeneration and calcification argues against a causal link [7, 9, 33] . Unequivocal evidence that disc degeneration is a predisposing factor for ovine IDC is wanting. However, in the present study, disc tissues from 11-year-old sheep containing calcific deposits had significantly less proteoglycan per tissue wet weight than age-matched non-calcified tissue from comparable disc regions, but no other overt morphological signs of IVD degeneration. The proteoglycans extracted from the calcific ovine disc tissues were of smaller hydrodynamic size compared to morphologically normal IVD tissues of comparable age and spinal level suggesting that the proteoglycans in the calcific mass may have undergone more extensive degradation than the agematched tissue. Toluidine blue also demonstrated a marked decrease in anionic proteoglycan staining in the vicinity of calcific deposits suggesting that the calcification may be associated with proteoglycan degradation. It remains unclear as to whether such calcific deposits arise from, or result in, disc degeneration. However, it should be noted that Rees et al. [38] have shown that bone-derived small leucine rich repeat proteoglycans (SLRPs) inhibited HA crystal growth in vitro. Furthermore, some members of the SLRPs have been shown to be degraded in an ovine model of experimental disc degeneration [32] prior to deposition of such calcific deposits suggesting that they arise from degenerative changes in the IVD.
In man and sheep, the NP undergoes a chondroid metaplasia with skeletal maturation. This involves an increase in type II collagen with fibrocartilaginous cells concomitantly replacing notochordal cells. The same sequence of events occurs in certain breeds of dog and was the basis used by Hansen [20, 21] for dividing canines into two categories, chondrodystrophoid and non-chondrodystrophoid. The former are particularly prone to IDC and prolapse, whereas discal calcification is quite rare in the latter [20, 21] . The mineral phase in canine calcified prolapses is identical to that in human HADD [12] and that which we here describe in sheep. It is noteworthy that in the IVDs of humans, sheep and chondrodystrophoid dogs, the TZ is particularly susceptible to the process, which leads to HA deposition, and not infrequently in all three species this is the only discal region affected. The TZ is the site of maximal uptake of 35 S (glycosaminoglycan synthesis) in the immature rabbit [42, 43] and in piglets [22] and the site of maximal uptake of 3 H-glycine (protein synthesis) in the immature rabbit IVD [19] . Autoradiographic studies with 3 H-thymidine in young rabbits show that these zones have the highest concentration of actively dividing cells and demonstrate that the TZ is a site of high metabolic activity and remodelling, which may predispose to HA deposition.
It is established that human, canine and ovine discal HADD occurs in fibrocartilaginous tissue. Also relevant is the observation that human supraspinatus tendon calcification occurs in that part of the tendon where fibrocartilaginous transformation takes place [50] . This is in the so called ''critical zone'', which has a precarious blood supply [36, 40] . Supraspinatus tendon calcification, like human HADD, has a clear peak incidence in the fifth decade and so, strictly speaking, is not an ageing phenomenon [11] . Histological studies indicate that metaplasia is the event, which leads to this form of calcification and not degeneration or inflammation [50] . There are notable inexplicable dissimilarities between HADD in humans and sheep. No explanation can be offered for the different spinal distributions, thoracic and upper lumbar in the former [47] and lumbar in the latter (Table 2) . HADD has occasionally been seen in the lumbar spines of 4-year-old sheep during the course of other studies, but not at an earlier age. Neither can an explanation be offered for the apparent immunity of the ovine lumbosacral disc to calcification. However, it is known that proteoglycan turnover is faster at this spinal level than at more proximal lumbar discs [48] .
While we have been unable to elucidate the mechanism of HADD in sheep, clearly it is different from that in normal osteogenesis. This animal nevertheless provides a useful, naturally occurring model for investigation of the aetiology and pathogenesis of HADD, notwithstanding differences detailed above, which indicate that direct comparison with the human IVD is inappropriate.
